Background: The group of colorectal cancer (CRC) survivors continues to grow worldwide. Understanding healthrelated quality of life (HRQOL) determinants and consequences of HRQOL impairments in long-term CRC survivors may help to individualize survivorship care plans. We aimed to i) examine the HRQOL status of CRC long-term survivors, ii) identify cross-sectional sociodemographic and clinical correlates of HRQOL, and iii) investigate the prospective association of HRQOL after CRC diagnosis with all-cause mortality.
Background
As the group of patients surviving colorectal cancer (CRC) is growing, understanding and improving health-related quality of life (HRQOL) in these patients is becoming an important field of research [1, 2] . CRC survivors may be impaired in physical functioning and in everyday life by multiple disease-and treatment-related symptoms such as pain, bowel dysfunction, and fatigue and may be negatively affected in psychological, emotional, social, and role functioning because of fear, anxiety, sleep disruption, and depression [3] [4] [5] [6] . Therefore, assessing and -if necessaryimproving physical, social, psychological, and sexual function and well-being in CRC survivors is pivotal [7] . Assessment of HRQOL in CRC survivors provides insight into their experiences of the disease, therapy, and recovery, helps to identify risk factors of low HRQOL, and might support the choice and design of appropriate interventions and survivorship care plans [8] [9] [10] .
HRQOL in CRC survivors has been addressed in prior studies, but most of these studies evaluated rather short-term (≤5 years after diagnosis) treatment-and disease-related effects on quality of life (QOL) [11] [12] [13] [14] . A few studies investigated HRQOL in patients who survived at least 5 years after CRC diagnosis but most of them relied on relatively small sample sizes [1, [15] [16] [17] [18] . In two studies in the US, a relatively high QOL was observed in 227 and 173 CRC survivors, respectively, with QOL obtained ≥5 years after CRC diagnosis [1, 15] . A recent study with 296 CRC survivors obtained HRQOL on average 15 years after the cancer diagnosis and reported comparable or even slightly higher quality of life in cancer survivors than in age-and sex-matched unaffected controls [18] . Similarly, in a cohort of 6952 long-term cancer survivors, overall HRQOL was comparable to 1878 population-based controls, but differences with respect to specific functioning and symptom scales were reported [19] . Furthermore, higher prevalence of depression and anxiety in CRC survivors as compared to the general population have been reported in several studies [1, 10, 20] . With respect to factors influencing QOL, different clinical, sociodemographic, and lifestyle factors, including age, sex, tumor location, body mass index (BMI), stoma, and physical activity, were associated with HRQOL of CRC survivors in previous epidemiological studies [8, [21] [22] [23] , even though findings were partially inconsistent in terms of their effect sizes and effect directions. In a previous investigation, we have examined the relation between selected lifestyle factors (diet, BMI, physical activity, and smoking status), modeled as a lifestyle index, and HRQOL in our CRC survivor cohort [24] and observed that a favorable diet, more physical activity, and lower BMI were significantly associated with higher HRQOL. In the present study, we will expand on this previous analysis by i) investigating the association of a broad panel of clinical and sociodemographic factors (not considered in our prior analyses [24] ) with HRQOL and ii) relating HRQOL prospectively to all-cause mortality. To our knowledge, so far, only one study examined the association between HRQOL and mortality in long-term CRC survivors and provided initial evidence for an inverse relation between physical and mental component scores and mortality risk [22] .
Thus, the aim of this study was three-fold: first, to describe the HRQOL status of a cohort of CRC long-term survivors; second, to identify sociodemographic and clinical correlates of HRQOL in these CRC survivors; third, to investigate the association of HRQOL with all-cause mortality in these individuals.
Methods

Study population
Between 2004 and 2007, a total of 2733 patients with histologically-proven CRC, diagnosed between 1993 and 2005, have been identified through medical records review in collaboration with surgical departments of 23 hospitals in Northern Germany and with the regional cancer registry. These patients were enrolled in a prospective study, conducted by the biobank PopGen, as reported in more detail elsewhere [24] [25] [26] . Briefly, at the time of inclusion (baseline; [2004] [2005] [2006] [2007] , participants were asked to fill in a questionnaire on clinical and sociodemographic characteristics and on selected lifestyle factors (e.g. cigarette smoking, alcohol consumption). The study protocol was approved by the ethics committee of the Medical Faculty of Kiel University and written informed consent was obtained from all study participants.
A first follow-up assessment was conducted from 2009 to 2011, and 2263 participants who initially agreed to be re-contacted were asked to fill in another questionnaire about clinical and sociodemographic characteristics, as well as standardized and validated questionnaires on diet (food frequency questionnaire [27] ), physical activity [28] , and HRQOL [29] .
Of the 2263 participants re-contacted, 354 individuals were deceased and 31 had moved with unknown addresses. From 1677 individuals who filled in the HRQOL questionnaire, we excluded individuals with incomplete HRQOL data (n = 147), individuals with missing information on physical activity (n = 169), year of diagnosis (n = 30), and vital status (n = 30), those with implausible length of follow-up (n = 4), and participants with a diagnosis of small intestine cancer instead of CRC (n = 3), leaving an analytical sample of 1294 participants.
Health-related quality of life assessment
For the assessment of HRQOL (conducted at first follow-up), the German version of the European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire Core 30 (EORTC QLQ-C30; version 3.0) [29] was used. The 30-item self-report questionnaire is a validated cancer-specific instrument for the measurement of HRQOL. The QLQ-C30 is composed of a global QOL scale and of five multi-item functional scales that assess physical, role, emotional, cognitive, and social function. Furthermore, three multi-item symptom scales evaluate pain, nausea/vomiting, and fatigue, and six single-item scales measure constipation, diarrhea, appetite loss, dyspnea, insomnia, and financial difficulties. All items are scored on a scale from 1 (not at all) to 4 (very much), except for global QOL, which is scored from 1 (very poor) to 7 (excellent). A scoring procedure was applied according to the EORTC QLQ-C30 Scoring Manual [30] . All scales were linearly transformed to standardize the raw scores to scores that range from 0 to 100. High functional scores and high global QOL scores indicate high (functional) QOL whereas high symptom scores represent more severe symptoms. A summary score was calculated from 13 scales (excluding global QOL and financial difficulties) with the symptom scales being reversed (100 -symptom scale) to obtain a uniform direction of all scales [31] , as follows: QLQ-C30 summary score = (physical functioning + role functioning + social functioning + emotional functioning + cognitive functioning + (100-fatigue) + (100-pain) + (100-nausea/vomiting) + (100 -dyspnea) + (100-insomnia) + (100-appetite loss) + (100-constipation) + (100-diarrhea)) / 13.
Assessment of sociodemographic, clinical, and lifestyle characteristics
The self-administered questionnaires on clinical and sociodemographic characteristics assessed date of diagnosis, tumor location, neoadjuvant and adjuvant types of therapy, occurrence of other types of cancer (before and after study inclusion) or occurrence of metastases, sex, age at diagnosis, age at HRQOL assessment (first follow-up), education (≤9, 10, ≥11 years, unknown) and family status (single, married, in partnership, divorced, widowed, unknown) at first follow-up, current stoma at first follow-up, smoking status at first follow-up, and postdiagnostic body weight and height at baseline and first follow-up. BMI (kg/m 2 ) was calculated with weight divided by the square of height in meters. We validated self-reported clinical data (tumor location, type of therapy, metastases) against medical records in a subset of 181 participants and observed overall good agreement (87% concordance). Information on physical activities during the past 12 months was obtained with validated questions [28] . Hours per week spent with different activities (walking, cycling, sports, gardening, housework, home repair, stair climbing) were derived from these questions. To obtain comparable intensity levels, metabolic equivalent of task (MET) values, derived from the 2000 Compendium of Physical Activity [32] , were assigned to each corresponding activity [33] .
Vital status ascertainment
All-cause mortality was first determined in 2014. Participants who did not respond when they were re-contacted for an extension of their informed consent, or for whom the spouse reported the study participant's death, vital status was attained from population registries and date of death was recorded. In 2016, vital status of all participants was updated via population registries and date of death was recorded if participants were deceased. Altogether, 175 participants had died since HRQOL assessment.
Statistical analyses
First, participant characteristics were determined using frequencies or medians and interquartile ranges (IQR) for the overall sample and for subgroups of individuals with a HRQOL summary score below and at or above the median. Differences between these subgroups were examined with the chi-squared test for categorical variables and with the Wilcoxon ranksum test for continuous variables.
Second, medians and IQRs were calculated for the summary score, global QOL, and for each functioning and symptom scale. For symptom scales, also prevalence (defined as a symptom scale > 0) were computed.
Third, in order to determine potential correlates of the different HRQOL scores, odds ratios (ORs) and 95% confidence intervals (95% CIs), derived from multivariable-adjusted logistic regression models in cross-sectional analyses, were estimated with the respective score modeled as a binary outcome (below vs. at/above the score-specific median) and with sociodemographic (sex, age, education, family status) and clinical (tumor location, metastases, other cancer, type of therapy, current stoma) characteristics as exposures (and, thus, as potential correlates). Since the residuals of our HRQOL outcome variables, when modeled as continuous traits, were not normally distributed and, thus, violated a key assumption of linear regression analyses, we modeled HRQOL as a binary trait (using the score-specific median as the cut-off ) and performed logistic regression analyses using binary HRQOL traits as outcome variables, as it has been done before in other studies [34, 24] . The models were adjusted for the following variables, except the respective exposure variable of interest: sex, age at HRQOL assessment, BMI (continuous in kg/m 2 ), physical activity (continuous in MET-hours/week), tumor location (colon, rectum both, unknown), occurrence of metastases (yes, no, unknown), occurrence of other types of cancer (yes, no, unknown), type of therapy (none, chemotherapy, radiation, both, unknown), and current stoma (yes, no, unknown).
Fourth, Cox proportional hazards regression models were used to estimate hazard ratios (HR) and 95% CIs of all-cause mortality for each 10-point-increment in the summary score, in the global QOL score, and in each functioning and symptom scale. The 10-point-increment was chosen because a 10-point change in QLQ-C30 scales was found to indicate a ("subjective significant") "moderate" change in HRQOL domains [35] . The date of HRQOL assessment was the starting point for survival follow-up of this analysis and follow-up ended with date of death or date of last vital status assessment (2016) whichever came first. However, to address left truncation of survival times in our analyses, we considered the time between diagnosis and HRQOL assessment in the Cox models by using the 'Entry='-option in the PROC PHREG function in SAS [36] . We conducted a Cox model adjusting for sex and age at HRQOL assessment and a multivariable-adjusted model, which was additionally adjusted for BMI, physical activity, tumor location, type of therapy, occurrence of metastases, occurrence of other cancers, current stoma, education (≤9, 10, ≥11 years, unknown), family status (single, married/in partnership, divorced, widowed, unknown), and smoking status (never, former, current, unknown). We tested the proportional hazards assumption by the Schoenfeld residual method and by including time-dependent variables in the statistical model. Because age did not meet the proportional hazards assumption, a respective time-interaction-term (age x time) was included in each Cox regression model. Fifth, Kaplan Meier survival curves were used to display unadjusted mortality rates according to quartiles of the HRQOL summary score.
Sixth, to test for nonlinearity in the association of HRQOL with all-cause mortality, a restricted cubic spline regression was conducted. For this analysis, the summary score (including information from nearly all functioning and symptom scales) was chosen as the independent variable. The knots were located on the 5th, 35th, 65th, and 95th percentile [37] and the reference value was the median (62.4 score points) of the first quartile of the summary score. The model was adjusted for the same covariates as the multivariable-adjusted Cox regression model (mentioned above).
Seventh, stratified analyses were performed to examine the role of potential effect modifiers (sex, age, BMI, education, family status, smoking status, tumor location, therapy, metastases, and current stoma) on the association between the summary score and all-cause mortality. Furthermore, we formally tested for statistical interactions by including respective cross product terms (summary score x potential effect modifier) in the statistical model predicting all-cause mortality.
Eighth, to assess the robustness of our results we performed several sensitivity analyses. We calculated medians and IQRs for the different HRQOL scales and provided the symptom prevalence separately for individuals with vs. without a diagnosis of metastases or other cancers. Furthermore, we also conducted the Cox regression analyses, relating different HRQOL measures to mortality, separately for individuals with vs. without a diagnosis of metastases or other cancers. We also considered excluding all participants who died within 12 months of HRQOL assessment in a sensitivity analysis but there was no individual who deceased within the first 12 months of follow-up.
Results
Participant characteristics
The characteristics of the study participants as a total sample and according to an HRQOL summary score below or at/above the median are presented in Table 1 . Of the 1294 individuals, 43% were women and the median age at diagnosis was 62 years. HRQOL was assessed on average 6 years (median) after CRC diagnosis. Nearly half of the population (46%) reported a low educational status and 77% were married or in a partnership at time of HRQOL assessment. Sixteen percent of the individuals had a diagnosis of metastases, 21% reported a diagnosis of another cancer, and half of the participants (53%) had no additional cancer therapy except for surgery. A current stoma at time of HRQOL assessment was reported by 12% of the CRC survivor cohort. Participants with a higher HRQOL had a lower BMI, were more likely to have had a tumor located in the colon, were less likely to have had a diagnosis of metastases or other cancers, were more likely to have had no additional therapy to surgery, and were less likely to have undergone chemotherapy and radiation combined (Table 1) .
Health-related quality of life status in long-term colorectal cancer survivors
The HRQOL summary score had a median of 87.3 (IQR: 75.3-94.4) ( Table 2 ). The global QOL scored lower with a median of 75.0 (58.3-83.3). The highest scores of the five functional scales were observed for role (100 (66.7-100)) and social (100 (66.7-100)) functioning with the highest possible score as the median. Physical, emotional, and cognitive functioning were a little bit lower but roughly at a comparable level (between 83.3 and 86.7; Table 2 ). Of the nine symptom scales, fatigue and insomnia revealed the highest median scores (22.2 (0-33.3) and 33.3 (0-33.3), respectively) and also the highest symptom prevalence (70 and 52%, respectively), indicating a higher burden of these symptoms in the present cohort. Each of the other symptom scales had a median No. of deaths, n (%) 175 (14) 117 (18) 58 (9 of 0, indicating on average no or minor symptom burden. Nevertheless, more than one-third of the study participants reported any symptoms of pain (44%), dyspnea (38%), and diarrhea (36%), respectively ( Table 2 ). The sensitivity analyses comparing CRC survivors without (n = 880; Additional file 1: Table S1 ) vs. with (n = 414; Additional file 1: Table S2 ) a diagnosis of metastases or other cancers revealed only minor differences in the various HRQOL measures between these two groups and compared to the overall sample (Table 2) . We observed a slightly higher HRQOL and less symptoms in individuals who reported no metastases or other cancers (Additional file 1: Table S1 and Table S2 ).
Correlates of health-related quality of life
Relevant correlates for low values (below the score-specific median) of the different HRQOL scales are provided in Table 3 . In general, older age (except for emotional and social functioning), lower education, tumor location in both the colon and the rectum, metastases or other cancers, a combination of chemotherapy and radiation therapy, and a current stoma were statistically significant correlates of low HRQOL in cross-sectional analyses (Table 3) . Specifically, women had a statistically significantly higher risk of low physical functioning than men but a lower risk of low social and cognitive functioning as compared with men. With respect to age, younger survivors (< 60 years) had higher odds and older survivors (≥80 years) had lower odds for low social functioning as compared to survivors aged 60-69 years. A high educational level was significantly associated with decreased risk of low global QOL and low physical functioning. Rectal tumor survivors were more likely to have a low physical and social functioning than colon tumor survivors. Individuals with a diagnosis in both locations had nearly two times the odds of a low summary score. Metastases had a negative impact on the HRQOL summary score and on social functioning whereas a history of other types of cancer affected the HRQOL summary score and global QOL, as well as role, social, and cognitive functioning. The combination of chemotherapy and radiation was associated with a low HRQOL summary score, low global QOL, and low role und social functioning. Individuals with a current stoma at time of HRQOL assessment were more likely to have a low physical, role, emotional, and social functioning, as shown in Table 3 .
Association between health-related quality of life and allcause mortality After a median follow-up time of 7 years after HRQOL assessment, 175 (13.5%) of the 1294 participants had died. In the group of individuals with a lower HRQOL (<median of summary score; n = 647) 117 deaths (18%) were observed. Of the CRC survivors with a summary score ≥ median (n = 647) 58 individuals (9%) had died during follow-up. The Kaplan-Meier curves revealed differences in survival curves according to HRQOL quartiles with better survival in individuals with a higher HRQOL summary score (log rank test, p < 0.0001; Additional file 1: Figure S1 ). Additionally, higher scores of the HRQOL summary score and of the global QOL score were associated with improved survival (HR: 0.76; 95% CI: 0.70-0.82 and HR: 0.80; 95% CI: 0.75-0.86 for all-cause mortality per 10-point-increment, respectively) in the Cox proportional hazard regression analyses (Table 4) . Restricted cubic spline regression revealed a linear association between the HRQOL summary score and all-cause mortality (p < 0.0001 for overall association; p = 0.87 for nonlinearity; Fig. 1 ). Furthermore, every functioning scale was statistically significantly inversely related to all-cause mortality, except for cognitive functioning which was borderline non-significant (HR: 0.95; 95% CI: 0.88-1.02), with physical functioning displaying the strongest association (HR: 0.80; 95% CI: 0.75-0.86; Table 4 Table 4) .
The stratification by potential effect modifiers revealed a stronger association between the HRQOL summary score and survival for individuals who had no therapy in addition to surgery as compared to individuals who had either chemotherapy or radiation or both chemotherapy and radiation (p interaction = 0.02). Furthermore, participants with a high educational status showed a stronger association between HRQOL and all-cause mortality than participants with a low or middle educational status (p interaction = 0.03). The association was also stronger in individuals with a current stoma than in those without a stoma although the interaction term was not statistically significant (p interaction = 0.08; Table 5 ).
In sensitivity analysis, stratifying our sample by CRC survivors with (n = 414) and without (n = 880) a Higher scores of the summary score, the global QOL, and the functioning scales indicate a higher HRQOL or a higher functioning d Higher scores of the symptom scales indicate a higher extent of symptoms diagnosis of metastases or other cancers, the association between the different HRQOL scales and all-cause mortality was similar in both subgroups (Additional file 1: Table S3 and Table S4 ) and largely unchanged as compared to the overall sample (Table 4) . Effect sizes and directions as well as measures of significance were similar, except for insomnia and financial difficulties that lost their statistically significant association with mortality in the group of CRC survivors who had a diagnosis of metastases or other cancers.
Discussion
In the present analyses, we describe in detail the HRQOL in long-term survivors of CRC, assess cross-sectional correlates of this HRQOL (and its different scales), and evaluate the prospective association of HRQOL with all-cause mortality in these CRC survivors. Our main observations were as follows: First, in general, the overall HRQOL, obtained approximately 6 years after the cancer diagnosis, seems to be relatively high. Role and social functioning reached the highest median scores out of the five functioning scales, while out of the nine symptom scales, fatigue and insomnia had the highest median scores, indicating the highest extent of these symptoms as compared to the other symptoms. Second, sex, age, education, tumor location, metastases, other cancers, type of therapy, and current stoma were statistically significant correlates of different HRQOL scales.
Third, the summary score and the global QOL as well as nearly all functioning and symptom scales were statistically significantly associated with all-cause mortality in the sense that higher HRQOL and better functioning were associated with better overall survival and more symptoms were related to worse overall survival. Fourth, the inverse association between the HRQOL summary score and all-cause mortality was stronger in individuals who had no neoadjuvant or adjuvant therapy as compared to individuals with chemotherapy or both chemotherapy and radiation and stronger in individuals with a high educational status than in individuals with a low or middle educational status.
Health-related quality of life status
Compared to our study, previous studies reported similar high HRQOL values in CRC survivors, which are considered to be an indication of overall good QOL [1, 15, 38, 39] . However, the HRQOL of our CRC survivor cohort is in several aspects (especially regarding emotional, cognitive, and physical functioning) still slightly lower when compared to European general (healthy) population samples, though the HRQOL values of elderly general population groups (age categories > 60 years) approximate those of our CRC survivors [40] . Thus, it is conceivable that, on average, CRC survivors in the long term are able to gain HRQOL levels comparable to individuals from the general population with about the same age.
Association of sociodemographic characteristics with health-related quality of life in cross-sectional analyses In our study, women had a higher risk of a low physical functioning than men but a lower risk of a low social and cognitive functioning as compared with men. In contrast to our observations, however, a recent US study including 593 CRC survivors reported no significant difference between men and women in physical HRQOL and female gender was associated with increased risk of a low mental HRQOL [8] .
Similar to our findings, the above mentioned US study reported a tendency towards a lower physical HRQOL and higher mental HRQOL in the elderly as compared to younger individuals, even though the association between age and HRQOL lost statistical significance after multivariable adjustment [8] . However, in a study of the Seattle Colorectal Cancer Family Registry, the association between older age and a higher risk of a very low physical component summary score remained statistically significant even after multivariable adjustment [22] . One possible explanation for the association of older age with low physical functioning is the higher prevalence of frailty and multiple comorbidities in the elderly [41] which might lead to Fig. 1 Multivariable-adjusted hazard ratios for all-cause mortality according to the HRQOL summary score in CRC survivors (n = 1294), calculated with restricted cubic spline regression. The solid line depicts hazard ratios and the dashed lines are the 95% CIs. The points indicate the knots at the 5th, 35th, 65th, and 95th percentiles. The reference value is the median (62.4 score points) of the first quartile of the summary score. The model was adjusted for sex, age at HRQOL assessment, BMI, physical activity, tumor location, occurrence of metastases, occurrence of other cancer, therapy, education, family status, and smoking status. The p value for overall association is < 0.0001 and the p value for nonlinearity is 0.87 (Wald chi-square test). Abbreviations: BMI, body mass index; CRC, colorectal cancer; HRQOL, health-related quality of life worse physical functioning and decreased overall HRQOL. Similarly, lower cognitive functioning might, as well, rather be a consequence of advanced age than of cancer history [42] .
In our study, a higher educational level was associated with higher global QOL and higher physical functioning which is in accordance with the above mentioned study on 593 long-term CRC survivors [8] . However, we did Table 5 HRs a and 95% CIs of all-cause mortality for a 10-point-increment in HRQOL summary score among CRC survivors (n = 1294); stratified by potential effect modifiers not assess income level which is likely to be highly correlated with educational level and which was associated with physical, social, and emotional well-being in other studies [10, 43] . With respect to the association between family status and HRQOL, the published literature is partially conflicting. Whereas in our cohort, family status displayed no evidence for an association with HRQOL, other studies reported being single, divorced or widowed or being married or in partnership to be inconsistently associated with low or high HRQOL [8, 44] .
Association of clinical characteristics with health-related quality of life in cross-sectional analyses Regarding tumor location, other studies found either no significant association with HRQOL [22] or a lower HRQOL for rectal cancer survivors than for colon cancer survivors [21] . In agreement with the latter study, we observed lower HRQOL values in rectal as compared to colon cancer survivors. This association might in part be explained by a higher proportion of ostomies in rectal as compared to colon cancer survivors, but also by differences in symptoms, treatment modalities, and therapy duration between colon and rectum cancer affecting HRQOL [45] . Of note, the difference in HRQOL between rectal cancer survivors and colon cancer survivors persisted in our multivariable-adjusted analyses, including adjustment for current stoma.
Comparable to our results, a French study of 207 rectal cancer survivors reported worse role and social functioning and lower global QOL scales of the EORTC QLQ-C30 in patients who received both chemotherapy and radiation as compared to patients receiving only radiation [46] . Additionally, chemotherapy or radiation alone compared to none was not associated with HRQOL in our cohort which is in line with findings from a Dutch investigation in the PROFILES registry [47] . A combined therapy of radiation and chemotherapy is likely to be indicative of a worse disease status and it might be associated with more treatment side-effects which would explain the decreased HRQOL [48] .
Several other studies demonstrated that CRC survivors with a stoma had a decreased HRQOL, even in the long-term period of two to more than five years postdiagnosis [21, 49, 50] . In our analyses, one of the strongest negatively influenced HRQOL component by the presence of a stoma was the social functioning, as similar reported by a systematic review including 10 studies [20] . Stoma patients often are affected by fear, worry, dissatisfaction, and embarrassment especially when dealing with it in public areas and social relations [51] .
Of note, the ability to compare results across studies has been limited by the huge variety of applied HRQOL assessment instruments (e.g. EORTC-QLQ C30, FACT-C, SF36, SF12). Overall, our observations suggest that a more severe disease stage (e.g. tumor located on both sides, diagnosis of metastases and other cancers, chemotherapy and radiation, current stoma) is associated with lower HRQOL.
Prospective association of health-related quality of life with all-cause mortality
In our sample, a higher HRQOL was associated with a lower risk of dying which is in line with prior studies, although these studies mainly assessed HRQOL in patients with advanced disease stages [52] . Consistently, in our study, higher values in the different functioning scales and lower values in the symptom scales were associated with longer survival. In agreement with these observations, a very low physical component score (<10th percentile) was associated with a higher risk of mortality in 1021 long-term CRC survivors of the Seattle Colorectal Cancer Family Registry (HRQOL approximately 5.5 years postdiagnosis; HR: 3.97; 95% CI: 2.95-5.34) [22] .
A few studies used the same HRQOL assessment instrument as we did (EORTC QLQ-C30) and reported likewise significant associations with survival, but those studies assessed HRQOL of CRC patients very shortly after diagnosis and therapy (≤1 year) or even prior to cancer treatment [11, [53] [54] [55] [56] [57] ; and some of these studies focused on advanced CRC [55, 56] . We expand those results by examining HRQOL in a relatively large sample (n = 1294) of long-term CRC survivors.
The underlying mechanisms of the association between HRQOL and survival in cancer patients are not yet entirely clear. It is conceivable that individuals with a worse HRQOL have more severe CRC or more comorbid conditions. We adjusted our analyses for the prevalence of metastases and other cancers as well as for type of therapy, but we could not control for tumor stage, recurrence, and comorbidities because of lack of information regarding these clinical characteristics. Another potential explanation for the observed association between HRQOL and survival might be psychological distress. It has been reported that individuals with psychological distress rate their HRQOL lower and that psychological distress is associated with increased cancer mortality [58, 59] and increased all-cause mortality in the general population [60] . Psychological stress and depression might adversely affect cardiovascular physiology [61] and could lead to increased inflammatory responses and cortisol release by dysregulating the hypothalamic-pituitary-adrenal axis [62] .
Out of the five functioning scales, we observed the strongest association with all-cause mortality for physical functioning (HR: 0.80; 95% CI: 0.75-0.86) which might be due to the fact that physical functioning is the most affected by bodily health and fitness which is related to morbidity and mortality [63] . The strong associations between nausea/vomiting and appetite loss and survival could be due to malnutrition, cachexia, or weight loss leading to increased morbidity and mortality [64] [65] [66] . Furthermore, fatigue which was also significantly associated with mortality in our cohort has been shown to be associated with mortality even in the general population [67] .
Strengths and limitations
Strengths of our study include the large sample size, the prospective design regarding survival analyses with a long follow-up period (median, 7 years), and the validated ascertainment of vital status. Furthermore, HRQOL was assessed with one of the most widely used cancer-specific instruments (EORTC QLQ-C30).
However, there are some limitations that should be noted. Our analyses on correlates of HRQOL were cross-sectional, precluding causal inferences. Furthermore, we did not have information on comorbidities although it is likely that HRQOL as well as survival are affected by certain comorbidities. Additionally, we only had information available on all-cause mortality, but not on disease-specific mortality. Also, information on tumor stage was not available in our cohort. We only had information on metastases and other cancers. Interestingly, a recent review reported inconclusive results regarding the association between tumor stage and HRQOL [68] . Furthermore, HRQOL was assessed only once in our cohort, so that we were not able to analyze changes of HRQOL over time. In addition, HRQOL was not assessed after a fixed period of time after cancer diagnosis, but time period from cancer diagnosis until HRQOL assessment varied slightly between participants. To account for these differences and left truncation, we included a variable of time from CRC diagnosis until HRQOL assessment in our survival analyses. The data on clinical and lifestyle factors were based on self-report, which is why we cannot completely exclude the possibility of recall bias. However, the validation of self-reported clinical data against medical records in a subset of 181 patients revealed a concordance of about 87%. Of note, our sample had a relatively narrow age range, with a median age of 69 years (IQR: 64-73 years). The generalizability of our observations to other age groups of CRC survivors is unknown. Furthermore, because we assessed HRQOL at a median of 6 years after cancer diagnosis and started our survival analyses at this time point, disregarding individuals who had died before exposure (HRQOL) assessment, survivorship bias might be present in this study. Hence, the generalizability to all CRC patients is unclear, which is why we clearly characterize our study participants as long-term CRC survivors. However, we addressed left truncation and survival bias by using the 'Entry='-option with the variable 'survival time from diagnosis until HRQOL assessment' in our Cox models in the SAS program.
Conclusions
The HRQOL in CRC survivors seems to be relatively high in the long term. Sex, age, education, tumor location, metastases, other cancers, type of therapy, and current stoma were associated with overall HRQOL (summary score and global QOL) and with different HRQOL scales. Furthermore, lower HRQOL was associated with increased all-cause mortality among CRC long-term survivors. Therefore, it is important to monitor HRQOL in long-term CRC survivors, particularly since various intervention programs, like physical activity interventions, educational programs, and psychotherapeutic interventions, might be helpful to further improve HRQOL [10] . Identifying risk factors for HRQOL deterioration may enable a better individualized care of CRC survivors. Thus, randomized controlled trials are needed to bring light into the causal relationship of clinical and sociodemographic, as well as lifestyle, determinants with HRQOL. Special support may be needed for individuals who have multiple risk factors for poor HRQOL.
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